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Abstract. We have studied the absorption of electromagnetic radiation of an
anisotropic quantum dot taking into account the spin-flip processes that is associated
with the interaction of the electrons with optical phonons. It is shown that these
processes lead to the resonance absorption. Explicit formula is derived for the
absorption coefficient. The positions of the resonances peaks are found.
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1. Introduction
Quantum dots support three main types of intraband resonances associated with
absorption of high frequency electromagnetic radiation by electrons: (a) transitions
between two energy states caused by photon absorption; (b) transitions between two
energy states accompanied by simultaneous absorption and emission of a phonon;
(c) transitions between two energy states accompanied by simultaneous scattering
by impurities. The above-mentioned processes were studied by the authors for the
case of anisotropic parabolic quantum dot [1, 2, 3]. The intraband resonances are
of particular interest for its possible applications because quantitative understanding
of optical properties due to electron-photon, electron-phonon and electron-impurity
interactions is important for a successful construction of optical devices based on
quantum nanostructures [4, 5]. In particular, the semiconductors quantum lasers
based on the quantum dots is the most perspective for using as active medium for
the new generation of injection lasers [6] and for using in infrared detectors. The
external magnetic field lets us to control the working frequency of these devices and
the magnitude of absorption.
In the case (b), the absorption of a quantum h¯ω of the high-frequency field
is accompanied by the absorption or emission of an optical phonon. However the
interaction of electrons with phonons can lead to additional resonances die to spin-flip
processes [7]. As a rule this effect can arise in semiconductors with a strong spin-
orbital interaction, in particular, in III-V compounds. These spin-flip processes can
be considered in the second-order perturbation theory in electron-photon and electron-
impurities perturbations using the method developed in [8].
In this paper we consider an anisotropic quantum dot located in a 2D layer. We
model the confining potential in the direction perpendicular to the 2D layer using
δ-function potential. The confining potential in the plane we model using parabolic
potential with characteristic frequencies Ωx and Ωz . The magnetic field B is directed
along y-axes to be perpendicular to the 2D layer.
Note that these resonance can be observed only if all levels (including spin sublevels)
are well-resolved and the photon frequency is sufficiently monochromatic. Hence in what
follows we assume that the photon frequency is high (ωτ ≫ 1, τ is the relaxation time),
the hybrid confinement is sufficiently strong Ωiτ ≫ 1, quantizing h¯Ωi ≫ T (i = x, z) and
magnetic field is sufficiently strong ωcτ ≫ 1 (ωc = eB/m∗c is the cyclotron frequency,
m∗ is the effective mass). In this case the transitions occur between levels of the discrete
spectrum.
Using the method suggested in Refs.[7, 8], we find the absorption coefficient by
applying ordinary perturbation theory for the interactions of electrons with the high-
frequency field HR and the lattice H
sp
L , which are switched on simultaneously.
Γ(ω) =
2pi
√
ε(ω)
ch¯Nf
[
1− exp
(
− h¯ω
T
)]
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× ∑
n,m,n′m′
f0(εnm)
∣∣∣〈n′m′|H˜|nm〉∣∣∣2 δ (εn′m′ − εnm ∓ h¯ωq ∓ gµ0B − h¯ω) (1)
Here εnm = h¯ω1(n+1/2)+ h¯ω3(m+1/2)−mα2/h¯2, (n,m = 0, 1, 2 . . .), α is the strength
of delta-potential, g is g-factor, µ0 = eh¯/2m0c is the Bohr magneton, ε(ω) is the real
part of the dielectric constant, f is the wave vector of photons, f0(nm) is the electron
distribution function normalized to unity, Nf is the number of initial-state photons, ωq
is the phonon frequency, the factor (1 − exp(−h¯ω/T ) takes into account spontaneous
transitions, and ωi are the hybrid frequencies
ω1,3 =
1
2
[√
(Ωx + Ωz)
2 + ω2c ±
√
(Ωx − Ωz)2 + ω2c
]
(2)
The matrix elements of the operator H˜ that is responsible for spin-flip processes is
determined by the formula
〈n′m′|H˜|nm〉 = ∑
n′′m′′
〈n′m′|HR|n′′m′′〉〈n′′m′′|HspL |nm〉
εn′m′ − εn′′m′′ − h¯ω
+
∑
n′′m′′
〈n′m′|HspL |n′′m′′〉〈n′′m′′|HR|nm〉
εn′m′ − εn′′m′′ + h¯ω . (3)
In (3), the first term describes processes involving, first, emission of a phonon and then,
absorption of a photon; and the second term accounts for the processes involving, first,
absorption of a phonon and, then, emission of a photon.
To calculate the matrix elements of operators electron-phonon and electron-photons
interactions we use the method of a linear canonical transformation of the phase space of
the system [9, 10, 11] because in this case we can analytically calculate matrix elements
of the corresponding operators.
The matrix elements of the electron-photon interaction operator was calculated in
[10] and have the form
〈n′′m′′|HR|nm〉 = eεω
√
h¯√
2m∗ω

X1
√
n′′ + 1
2
δn′,n′′+1δm′,m′′
+ X3
√
m′′ + 1
2
δn′,n′′δm′,m′′+1

 . (4)
Here, εω is the amplitude of the electromagnetic wave polarized along the Oz axis and
the coefficients Xi are given by
Xi =
Ω2zωc√
ωi
√
(Ω2z − ω2i )2 + Ω2zω2c
, i = 1, 3. (5)
The part of operator of electron-phonon interaction that is responsible for spin-flip
processes has the form [7, 12]
HspL =
∑
q
d
(
1
2NMω0h¯
)1/2 ( 0 [h− × e]
[h+ × e] 0
)
×
[
eiqrbq
(
p+
e
c
A+
h¯q
2
)
+ e−iqrb+q
(
p+
e
c
A− h¯q
2
)]
. (6)
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Here h± = lx ± ily, lx, ly are the unit vectors of axes Ox and Oy, q is the polarization
vector of an optical phonon, M = M1M2/(M1 +M2) is the reduced mass of the lattice
cell of III-V compounds, d is electron-phonon coupling constant, q is the phonon wave
vector, N is the number of cells in the crystal, A = (Bz/2, 0,−Bx/2) is the vector
potential of a magnetic field B.
Let us consider the transitions from the state with s = −1 to the state with s = 1
(s = ±1 is the spin quantum number). Denoting Dq = d/
√
2NMω0h¯, we get that the
part HL of the H
sp
L operated on the coordinate part of wave functions is
HL =
∑
q
Dq(ie‖i− e‖j− ie⊥e−iϕk)
[
e−iqrb+q
(
p+
e
c
A− h¯q
2
)
+ c.c.
]
, (7)
where the phonon wave vector is written in cylindrical coordinates ez = e‖, ey = e⊥ sinϕ,
ey = e⊥ cosϕ.
After some cumbersome algebra, using the method of canonical transformation of
the phase space we get the following formulae for the matrix elements of HL
〈n′′, m′′|HL|n,m〉 =
∑
q
Dq
√
N0 +
1
2
± 1
2
[
C1J(n
′′, m′′, n,m) + C2
√
n
2
J(n′′, m′′, n− 1, m)
+C3
√
n+ 1
2
J(n′′, m′′, n+ 1, m) + C4
√
m
2
J(n′′, m′′, n,m− 1)
+C5
√
m+ 1
2
J(n′′, m′′, n,m+ 1)

 (8)
Here
J(n′′, m′′, n,m) =
n!m!
n′′!m′′!
(−1)n′′−n(−1)m′′−me−g2/2e(κ1λ1+κ3λ3)i/2e−iϕ1(n′′−n)e−iϕ3(m′′−m)
×Ln′′−nn
(
g21
)
Lm
′′−m
m
(
g23
)
gn
′′−n
1 g
m′′−m
3 , (9)
Ln
′
n are generalized Laguerre polynomials, κi, λi, ϕi, gi are the functions of the
characteristic frequencies of the parabolic potential, phonon wave vector and magnetic
field (see [10]). The constants Ci are determined by the following expressions
C1 = −1
2
ih¯qxe‖ +
1
2
ih¯qze
−iϕe⊥ − h¯qy µ
κ0
e‖, (10)
C2 = iµa13e‖ − h¯µa21l1e−iϕe⊥ + 1
2
im∗ωcµa43e‖ +
1
2
h¯m∗ωcµa31l1e
−iϕe⊥, (11)
C3 = iµa13e‖ + h¯µa21l1e
−iϕe⊥ +
1
2
im∗ωcµa43e‖ − 1
2
h¯m∗ωcµa31l1e
−iϕe⊥, (12)
C4 = iµa14e‖ − ih¯µa22l1e−iϕe⊥ + 1
2
im∗ωcµa44e‖ +
1
2
h¯m∗ωcµa32l1e
−iϕe⊥, (13)
C5 = iµa14e‖ − ih¯µa22l1e−iϕe⊥ + 1
2
im∗ωcµa44e‖ − 1
2
h¯m∗ωcµa32l1e
−iϕe⊥. (14)
Here aji are the matrix elements of the transition matrix from the old phase variables
(px, py, pz, x, y, z) to the new phase variables (P1, P2, P3, Q1, Q2, Q3) [10], κ0 = m
∗α/h¯2.
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Let us consider in (3) processes with emission of a phonon and absorption of
a photon. In this case we can write the absorption coefficient as a sum of partial
absorptions
Γ(ω) =
∑
n′m′,n′m
Γ(n′, m′, n′, m), (15)
where
Γ(n′, m′, n′, m) =
eεω
√
h¯
√
ε
2
√
m∗cNfω
[
1− exp
(
− h¯ω
T
)]
f0(εnm)
× ∑
q
∣∣∣∣Dq
√
Nq + 1
{
X1
ω1 − ω
[√
n′C1J(n
′ − 1, m′, n,m) +√nC2J(n′ − 1, m′, n− 1, m)
+
√
n+ 1C3J(n
′ − 1, m′, n+ 1, m) +√mC4J(n′ − 1, m′, n,m− 1)
+
√
m+ 1C5J(n
′ − 1, m′, n,m+ 1) + X3
ω3 − ω
[√
n′C1J(n
′, m′ − 1, n,m)
+
√
nC2J(n
′, m′ − 1, n− 1, m) +√n+ 1C3J(n′, m′ − 1, n+ 1, m)
+
√
mC4J(n
′, m′ − 1, n,m− 1) +√m+ 1C5J(n′, m′ − 1, n,m+ 1)
]}∣∣∣2 δ (∆ω) ,
(16)
where ∆ω = ω1(n
′ − n) + ω3(m′ −m) + ω ± gµ0B − ωq is the resonance detuning.
In the case of transitions which originate from the states (0, 0) into (0, 0) because
these transitions give the main contribution in the absorption. In this case we get
Γ(0, 0, 0, 0) =
eεω
√
h¯
√
ε
2
√
m∗cNfω
[
1− exp
(
− h¯ω
T
)]
f0(ε00)
× ∑
q
∣∣∣∣Dq
√
Nq + 1 (C3 + C5)
{
X1
ω1 − ω +
X3
ω3 − ω
}∣∣∣∣
2
δ (∆ω) ,
(17)
Replacing the sum by the integral and assuming a parabolic dispersion law for long-
wave phonons ωq = ω0(1−ω−20 Vsq2), where ω0 is the optical-phonon threshold frequency
and Vs is the speed of sound, one can easily evaluate the integral with respect to |q|
(converting to spherical coordinates) thanks to the presence of a delta function.
In conclusion, we have investigated theoretically the spin-hybrid-phonon resonance
in anisotropic quantum dots in the presence of a magnetic field. If we ignore optical
phonon dispersion, the partial absorption peaks have a delta-function singularity at the
points where ∆ω = 0. Hence, in this case arise additional resonances in the small
vicinity of the peaks of the hybrid-phonon resonances [2] due to spin-flip processes.
These peaks are symmetrically positioned to the left and right to the points of hybrid-
phonon resonances. The width and the position of the resonance peaks depend strongly
on the magnetic field and the characteristic frequencies of the parabolic confinement.
Acknowledgments
The present work was supported by the Russian Foundation for Basic Research, project
no. 05-02-16145.
Spin-hybrid-phonon resonance in anisotropic quantum dots 6
References
[1] Geyler V A, Margulis V A and Shorokhov A V 2001 Phys. Rev. B 63 245316
[2] Margulis V A and Shorokhov A V 2002 Phys. Rev. B 66 165324
[3] Margulis V A and Shorokhov A V 2007 cond-mat
[4] Rossi F and Kuhn T F 2002 Rev. Mod. Phys. 74 895
[5] Shah J 1996 Ultrafast Spectroscopy of Semiconductors and Semiconductor Nanostructures
(Springer, Berlin)
[6] Bimberg D, Grundmann M and Ledentsov N N 1999 Quantum Dot Heterostructures (Chichester,
John Wiley and Sons).
[7] Matulis A Yu 1967 Sov. Solid State Phys. 9
[8] Bass F G and Levinson I B 1965 Sov. Phys. JETP 22 635
[9] Geyler V A and Shorokhov A V 2005 Phys. Lett. A 104 1
[10] Galkin N G, Margulis V A and Shorokhov A V 2004 Phys. Rev. B 69 113312
[11] Margulis V A, Pavlova N F and Shorokhov A V 2006 Physics of the Solid State 48 935
[12] Pavlov S T, Firsov Yu A 1965 Sov. Solid State Phys. 7
